Stable interconnection to neurons in vivo over long time-periods is critical for the success of future advanced neuroelectronic applications. The inevitable foreign body reaction towards implanted materials challenges the stability and an active intervention strategy would be desirable to treat inflammation locally. Here, we investigate whether controlled release of the anti-inflammatory drug Dexamethasone from flexible neural microelectrodes in the rat hippocampus has an impact on probe-tissue integration over 12 weeks of implantation. The drug was stored in a conducting polymer coating (PEDOT/Dex), selectively deposited on the electrode sites of neural probes, and released on weekly basis by applying a cyclic voltammetry signal in three electrode configuration in fully awake animals. Dex-functionalized probes provided stable recordings and impedance characteristics over the entire chronic study. Histological evaluation after 12 weeks of implantation revealed an overall low degree of inflammation around all flexible probes whereas electrodes exposed to active drug release protocols did have neurons closer to the electrode sites compared to controls. The combination of flexible probe technology with antiinflammatory coatings accordingly offers a promising approach for enabling long-term stable neural interfaces.
Introduction
The development of implantable microelectrodes has revolutionized the field of biomedical applications by enabling bidirectional communication with neural tissue at high resolution. In particular penetrating probes, extending deep into neural structures, allowed substantial progress in the understanding of neuronal pathways and networks [1e4] . They further promoted therapeutic and diagnostic applications like deep brain stimulation (DBS) for treating symptoms of Parkinson's disease or severe psychiatric disorders [5, 6] . In addition, brain machine interfaces (BMIs) and associated neuro-prosthetic devices rely on signals recorded from or delivered across such neural electrodes [7e9] .
In chronic recordings of electrophysiological signals with penetrating probes it has however been observed that signals attenuate or disappear after only few weeks post implantation [10, 11] . This effect is attributed to a foreign body reaction taking place around any object inserted into tissue. In consequence to the insertion trauma along with the disruption of the blood brain barrier as well as the presence of the probe itself, a complex cascade of immune reactions is triggered [12] . These processes can be summarized into two phases relevant for neural probes [11] : An increased concentration of activated microglial cells around the probe, identified by the ED-1 antibody, is characteristic for the acute inflammation phase immediately following the implantation [13] . With progressing time, this acute inflammation develops into a chronic state which is defined by a dense astrocytic scar tissue (identified by glial fibrillary acidic protein (GFAP)) encapsulating the probe [11, 14, 15] . Along with the accumulation of scar tissue over several weeks, a reduction in the number of neurons in close proximity to the implanted probe has further been observed within a radius of ca. 100 mm around the probe [14, 16] . It is to date still unknown whether this loss is caused by the migration of neurons away from the implanted probe, whether neurons are repelled during the formation of the scar tissue or whether they eventually degenerate by other means in this process. This chronic inflammation state and the loss of close-by neurons impairs the long-term functionality of microelectrodes and ultimately leads to reduction of recorded signal quality. Under these conditions, electrical stimulation parameters need to be continuously adjusted to retain efficient tissue activation over time [10, 11, 17, 18] . For silicon based implants, chronic inflammatory reactions have been found in tissue extending as far as 300 mm [19] or 10 mm [20] away from the probe surface beyond 16 weeks of implantation in the rat or macaque cortex, respectively. In contrast, stab-wounds did not show any persistent inflammation, demonstrating that the probe itself rather than the implantation trauma leads to the chronic inflammation state [19] . Variations in probe geometries and implantation techniques were further not found to result in improved chronic tissue response [21e23] .
In order to attenuate the immune reactions towards implanted probes, flexible substrates were introduced aiming at minimizing the mechanical mismatch between the tissue and the probe [24, 25] . With this approach, micro-motion associated inflammation was addressed which occurs in consequence to microscopic movements of stiff implants inside soft tissue [11] . Flexible substrate materials, such as polyimide (PI) with a Young's Modulus of 9 GPa, were reported to provide lower tissue reactions when compared to scar formation described in the literature for stiff silicon implants (Young's modulus of~180 GPa) [26e28] . Precise insertion of such flexible probes into the cortex however is demanding and requires complex insertion techniques, posing limitations to this approach [29e31] . Attaching biomolecules to the surface of stiff silicon implants has further been shown to reduce neuronal loss in the close vicinity to the probe [32] .
Aiming at modifying the biological side rather than the probe itself, delivery of anti-inflammatory drugs has been described as strategy for attenuating chronic immune reactions and was in particular suggested to slow down neurodegeneration [19] . This technology can be used independent of the probe geometry or type and offers the possibility to directly influence the cellular reactions in the close vicinity to the implanted probe. Dexamethasone (Dex) is the most prominent corticosteroid drug described for inflammation attenuation. Several studies demonstrated reduced inflammation when Dex was released from passively eluting substrates (e.g. PLGA microspheres) implanted subcutaneously [33e36] or in the central nervous system [37e42] for times between 6 h and 28 days. The pharmacological efficacy of the drug was not influenced by the storage and subsequent release [36, 38] . It has nevertheless been observed that the chronic immune response could not be affected by such passive eluting systems for implantation times beyond 30 days [39,43e45] . This observation demonstrates that pharmacological modulation of the tissue response during the acute inflammation phase is not sufficient but rather sustained delivery technologies with active control over release are required to address the chronic immune reaction.
Conducting polymers (CPs) like poly(3,4-ethylenedioxythiophene) (PEDOT) have been described as promising material for such active release technology in biomedical applications. Introduced as electrode coatings with low impedance and high charge injection capacity for neural probes [46e49], CPs further provide the possibility to incorporate, and thus store, ionic substances such as drugs in their bulk. Controlled release of stored drugs can subsequently be achieved by applying an electrical signal to the CP which enables high temporal control over drug expulsion [50e52] . Proof of concept for actively triggered release of Dex from such systems has been demonstrated in vitro from large substrates (0.1e4 cm 2 ) and for comparably short time frames (minutes to hours) [53e59]. Active drug release in vitro over longer time frames (up to four weeks) has been reported by us in a previous study [60] suggesting that chronic immune response modulation with such release technology is generally feasible. Chronic in vivo studies employing micro-scale probes with active drug delivery functionality tested over several months have however not been reported in literature so far. It is therefore still unknown whether such CP release systems provide an efficient means for attenuating the chronic immune response to implanted neural probes at time frames and in dimensions more relevant for clinical applications.
We here target this question by combining the beneficial properties of a flexible neural probe with the active drug delivery properties of CPs. The impact of this probe technology on the chronic immune response is evaluated over 12 weeks in vivo employing weekly triggered active release of Dex from PEDOT/Dex coated electrode sites in the rat brain. Electrophysiological, electrochemical and immunohistochemical data are collected from functionalized probes and non-functionalized controls implanted bilaterally in the hippocampus of 12 rats. Thereby techniques promoting stable long-term adhesion for CP coatings as well as strategies for enabling precise insertion of polyimide flex-probes are employed.
Materials and methods

Basic electrode fabrication
Neural probes for in vitro and in vivo measurements were based on flexible polyimide substrates with a platinum metallization embedded between two polyimide layers, fabricated according to the process described by Stieglitz et al. [24] . In brief, a 5 mm thin polyimide layer was deposited on a carrier wafer. For adhesion promotion, 50 nm of Silicon Carbide (SiC) were deposited on the polyimide in a chemical vapour deposition process [61] . Subsequently, 100 nm of platinum and 400 nm IrOx were sputtered on the polymer substrate and photo-lithographically patterned to define the electrode sites. IrOx thereby served as adhesion promoter for the subsequent PEDOT coatings [62] . Finally, a second polyimide layer of 5 mm thickness was deposited as insulation layer and selectively opened via reactive ion etching to create the electrode sites as well as the contact pads. The resulting flex-probes were 10 mm thin with a shaft of 380 mm width and 15 mm in length. The probes featured 16 individual electrode contacts with 12 electrode sites of 15 Â 15 mm 2 and four electrode sites of 50 Â 50 mm 2 according to the layout in Fig. 1a . A large ring-aperture, reinforced with a circular platinum electrode, was integrated at the tip of each electrode (Fig. 1a) to serve as guidance for an insertion tool during implantation. The distal end of the probe was designed to fit into a conventional ZIF-connector.
Deposition of PEDOT/Dex coatings
Aiming at attenuating the foreign body response, the four large electrodes in the midline of the probe shaft were selected for carrying an anti-inflammatory coating. For being able to actively modulate the drug expulsion, this coating was based on the conducting polymer PEDOT. The corticosteroid Dexamethasone 21-phosphate disodium salt (Dex) was incorporated into the PEDOT during the polymerization process and was thus stored in a confined area on the probe. The coating was realized by galvanostatic electropolymerization using an Autolab potentiostat (PGSTAT128N, Metrohm, Filderstadt, Germany) in a three electrode configuration with a stainless steel counter electrode (2 cm 2 ) and an Ag/AgCl reference electrode. An aqueous solution of 0.01 M EDOT and 0.01 M Dex was used as electrolyte and the deposition was carried out at a current density of 800 mA/cm 2 with a target charge density of 300 mC/cm 2 . Prior to the polymer deposition, all contact sites were subjected to an electrochemical preconditioning step using cyclic voltammetry (CV) scans (À0.6 Ve0.9 V at 0.1 V/s) in phosphate buffered saline (PBS, 0.01 M) until a stable redoxbehaviour was observed (typically after 25 scans). Subsequent to the polymerization, all probes were rinsed with Milli-Q water and stored in sterile PBS overnight allowing elution of loosely adsorbed EDOT and Dex on the probe surface before the shafts were implanted.
Besides the anti-inflammatory PEDOT/Dex coatings, also nonfunctionalized CP coatings were realized on selected probes to serve as controls. The cleaning and deposition parameters were identical to the previously described process, however, sodium polystyrenesulphonate (NaPSS, 5 mg/ml) was used as counter ion instead of Dex. The resulting coatings are hence denoted as PEDOT/ PSS. In total 30 probes were prepared, whereas 24 were implanted according to Table 1 and the remaining 6 were subjected to in vitro measurements.
Implantation procedure of Dex-coated probes
All animal experiments conducted in this study were performed with approval from the locally responsible Animal Welfare Committee with the Regierungspr€ asidium Freiburg in accordance with the guidelines of the European Union Directive 2010/63/UE (permit G13/51). The animal model chosen consisted of twelve adult female Sprague Dawley rats (Charles River, Germany), weighing 280e320 g (avg. 314 g) and maximal efforts were made to minimize the number of animals used with respect to statistical constraints. Prior to surgery, all rats underwent several weeks of handling in order to familiarize them with the experimenter and subsequently enable drug release in fully awake and freely moving animals. The animals were initially sedated with Isoflurane and subsequently anesthetized with Ketamine (100 mg/kg) and Xylazine (3 mg/kg). Disinfectant (Softasept) was applied to the scalp and the surgical field was prepared by shaving the area using small animal shears. Protective ointment (Bepanthen™ eye and nose ointment) was applied to the eyes to prevent drying and to provide a physical barrier during surgery. Anesthetized and shaved rats were placed in a stereotactic frame (Kopf Instruments, Tujunga, USA) with atraumatic ear bars (tooth bar ¼ 0.0). After mid-line incision, the skull was exposed and a total of 8 holes with 0.9 mm diameter were carefully drilled into the skull whereas 6 holes were located in a circular pattern laterally on the skull. Stainless steel screws were inserted into the 6 lateral holes so that the screw heads extended a few mm over the bone. These screws were later used as anchor points for additional stabilization of the dental cement which was used to fix the connector to the skull. The two holes for the actual electrodes were drilled at 3.6 mm posterior and 2.5 mm lateral with respect to bregma. The dura was removed manually using a bent syringe-needle (27G). Each animal received two probes targeting the CA1 region of the hippocampus (DV: À2.2 mm from dura mater). The probe in the left hemisphere always served as materialreference and the probe in the right hemisphere was used for the actual recording/stimulation experiments. A list of the 12 animals with the corresponding probes can be found in Table 1 . Insertion of the probes was facilitated with a glass fibre (125 mm diameter without cladding) that was threaded through the ring structure on the tip of the probes and thereby enabled straight insertion of the flexible substrate as indicated in Fig. 1b . This process was modified from the procedure described by Richter et al. and Loeffler et al. [31, 63] . After implantation, control probes were fixed to the skull by super glue (cyanoacrylate) and the connection site of the probes was trimmed (see Fig. 1c ). Active probes were fixed to the skull in an equal manner, but the connection sites of these probes were inserted into a custom made printed circuit board (PCB) which was then sealed with UV-curable adhesive. The PCB was fixated on the skull using 2 component dental cement (Palapress, Heraeus Holding GmbH, Germany) so that one end of the PCB, carrying an 18-pin Omnetics connector (A79040-001, Omnetics Connector Corporation, USA), remained accessible for connecting the animal to the external recording or stimulation equipment (Fig. 1d) . The skin was sutured around the dental cement and the animals were allowed to recover for one week under prophylactic daily administration of Caprofen (Carprieve, Norbrook, UK, 4 mg kg À1 s.c.) pain reliever.
Animal weights were further regularly measured as indicator for their overall health status during the 12 weeks experimental time.
Continuous gain in weight could be observed for all animals, demonstrating good health conditions so that no animal had to be excluded from the experiments.
Neural recordings
During the first week after surgery, animals were allowed to recover and no drug elution or recordings were performed during this time. In the subsequent weeks, awake and freely moving Table 1 List of all 12 animals with the implanted probes in the right (R) or left (L) hemisphere.
animals were subjected to weekly experimental sessions. Recordings were performed with an RZ5 multichannel recording system (Tucker-Davis Technologies, Alachua, USA) and neural activity was simultaneously recorded from all 16 electrode sites on the probe over 120 s at a sampling rate of 40 kHz. Local Field Potentials (LFPs) were extracted from these data by low pass-filtering (300 Hz) directly during data acquisition. Further data filtering was performed offline after analog-digital conversion using the program NeuroExplorer4 (Nex Technologies, Madison, USA) where a low pass filter (40 Hz cutoff frequency, 10th order lowpass) was used to eliminate the 50 Hz noise.
Impedance spectroscopy measurements
Following neural recordings, the animals were connected to a potentiostat (PGSTAT 204, Metrohm, Filderstadt, Germany) for in vivo impedance measurements. Here only the four PEDOT-coated electrode sites were used on each probe and individually connected as working electrode in a three electrode configuration. The platinum ring structure on the probe-tip was used as counter electrode and a small IrOx electrode located in the centre of the probe served as reference electrode (Fig. 1a) , forming an electrochemical cell directly on the probe. Suitability of IrOx as (pseudo) reference material in biomedical applications has previously been described by Shinwari et al. [64] and Yang et al. [65] . Care was taken to ensure a firm connection and the open circuit potential (OCP) was observed for at least 10 s to confirm stable electrode configuration. The impedance spectrum was then recorded between 1 Hz and 10 kHz using sinusoidal excitation signals with an amplitude of 10 mV. This measurement was done for all animals, regardless of the polymer coating type.
Impedance measurements from in vitro probes were performed in the same electrode configuration with identical settings in 0.01 M PBS.
On-demand drug release in vivo
Controlled release of Dex for attenuation of the foreign body response to the implant was performed on a weekly basis (starting at week 2 post op in vivo). Drug elution was triggered subsequently to the impedance measurements in the fully awake and mobile animal using the same electrode configuration. A CV-signal was successively applied to each of the four coated electrode spots per probe and drug release was triggered by three CV scans between À0.6 V and 0.15 V (vs. the IrOx reference) at a scan speed of 0.1 V/s. The potentiostat was programmed with both voltage and current limitations (À0.65 V, 0.2 V and 10 mA) in order to keep the stimulation sub-threshold for neuronal effects and to avoid unpredictable current flow. This ensured animal safety at any time during the drug release process. Over the 12 weeks, these limits were never reached or exceeded. In addition, no behavioural response was ever observed during the 45 s of CV-stimulation, confirming sub-threshold stimulation.
Identical CV-sweeps were applied to the group of animals implanted with active PEDOT/PSS probes. In this case no release of the PSS can be expected as consequence to the immobilized bulky PSS anion. These animals serve as control group to evaluate the effect of the stimulation signal on the immune response intensity in contrast to the release of Dex from the PEDOT/Dex probes. CV curves were further used to determine the CSC by integrating the area under the curves. The CSC thereby serves in parallel as measure for the electrode status, which has previously also been described by Alba et al. in vivo [66] and by Boehler et al. [62] for long-term monitoring of electrode properties in vitro.
Histology and image analysis
Following 12 weeks of implantation, all animals were put in deep anaesthesia using 300 mg/kg Ketamine and 9 mg/kg Xylazine i.p. and subsequently trans-cardially perfused by paraformaldehyde and PBS. All flex-probes, except for one which was explanted for SEM imaging, remained in the tissue and care was taken while removing the connector and extracting the brain to keep the electrodes in position. Removed brains were stored in fixation solution (4% paraformaldehyde) for one week at 4 C before they were transferred into sucrose solution (30% in PBS). For immunohistochemical staining of neurons and inflammation markers (reactive microglia and astrocytes), 20 mm thin tissue slices were prepared with a cryostat-microtome (CM 3050 S, Leica, Wetzlar, Germany) and transferred to glass slides. Brain slices were then divided into two groups according to their consecutive numbering (even/odd) so that a co-staining with the cell specific markers NeuN, GFAP and DAPI (for visualization of neurons, reactive astrocytes and cell nuclei) could be performed on slices with even numbers and respectively a co-staining with ED1, GFAP and DAPI (for visualization of reactive microglia, reactive astrocytes and cell nuclei) on slices with odd numbers. Using this technique, only three fluorescence channels were required for imaging of the slices and high spatial resolution could be retained by altering ED1 and NeuN staining in steps of only 20 mm. Prior to antibody incubation, all slices were exposed to 10% normal donkey serum (NDS) for 30 min to block unspecific binding. Subsequently, both groups were exposed to NeuN (mouse IgG), GFAP (polyclonal rabbit antibody) and ED1 (mouse IgG) for 3 h. Alexa Fluor488 donkey anti mouse (l ex : 495 nm, l em : 519 nm) and Alexa Fluor647 donkey anti rabbit (l ex : 649 nm, l em : 666 nm) were used as secondary antibody and incubated for 1 h each. Staining of cell nuclei was ensured by the use of Dapi-Fluoromount G (l ex : 358 nm, l em : 461 nm) for fixing the slices on the glass slides. Fluorescence imaging of these slices was performed within 24 h after staining with a Nikon Eclipse Ti-S inverted microscope (Nikon, Duesseldorf, Germany) equipped with a CCD colour camera. Image analysis was subsequently done with ImageJ where GFAP and ED1 fluorescence intensity profiles in front of the electrode were determined as measure for the immune response to the electrode. The auto-fluorescence of the polyimide probe (observed in all fluorescence channels at 461, 519 and 666 nm) enabled a precise reconstruction of the electrode sites along the probe shaft and consequently highly accurate measurements. Fluorescence intensity and thus distribution of relevant cells was assessed in each slice along a 50 mm wide region of interest (ROI) extending 300 mm away from the electrode surface as indicated in Fig. 8b . Data obtained from all tissue slices containing a fragment of the PEDOT-coated electrode sites were subsequently averaged to yield an intensity-distance profile for the different animal groups. Neuron distance was measured between NeuN stained cell bodies and PEDOT/Dex coated electrode sites along a straight line representing the shortest distance between the two objects.
In vitro measurements
Six PEDOT/Dex functionalized probes, fabricated equally to the animal probes, were stored in 37 C PBS during the time course of the animal study. During these 12 weeks, three of the in vitro probes were regularly CV-cycled in analogy to the implanted peers. All in vitro probes received weekly impedance measurements. Data from these probes were used to evaluate progressive impedance and charge storage capacity (CSC) changes of the PEDOT coatings in absence of the in vivo environment and these probes were further used as controls for SEM imaging.
Drug release parameters employed in this study were generally based on previous work from Boehler et al. where active release of Dex from PEDOT/Dex probes has been investigated in response to CV cycling in vitro over multiple release events and over several weeks [60] . Selection of an appropriate CV-range and implementation of adhesion promotion were thereby described as critical parameters for enabling Dex release and restricting EDOT leakage. Based on this data, and with the intention to avoid undesired electrochemical reactions in vivo, we choose a CV-range of À0.3e0.45 V vs. Ag/AgCl for drug release in our animal study. In order to account for the reduced CV range, compared to the previously reported data (À0.6e0.9 V vs. Ag/AgCl), the Dex-release properties were re-evaluated in vitro prior to the actual animal experiment in this work. A test electrode (4 mm diameter, in analogy to previous work) was coated with PEDOT/Dex and repeatedly exposed to CV-based release cycles over a total time of 45 days. Active and passive drug expulsion in PBS were analysed by high performance liquid chromatography (HPLC) in this time frame following the previously described protocols [60] . Drug release was further evaluated for PEDOT/Dex coatings deposited on either platinum or IrOx substrates to evaluate the influence of the substrate material on the release characteristics. For this test, polyimide based probes were fabricated in analogy to the final implants to ensure relevant test conditions. Release characteristics of these samples were assessed over three active release events within 150 min.
High magnification imaging of the probes
At the endpoint of the study, one of the probes carrying four electrode sites with a PEDOT/Dex coating was explanted instead of sliced. The probe was carefully rinsed with Milli-Q water and transferred to PBS where CV and EIS measurements were performed. The explant was further imaged by Scanning Electron Microscopy (SEM) using a Nova NanoSEM (FEI, Hillsboro, USA) to evaluate the status of the coating after 12 weeks in vivo. The morphology of these PEDOT sites was subsequently compared to SEM images of PEDOT/Dex films exposed to CV cycling over 12 weeks in vitro as well as pristine PEDOT/Dex films imaged directly after electrodeposition of the coating.
Statistical analysis
Statistical significance of data was analysed by OriginPro (OriginLab Corporation, version 2016G) and XLSTAT (Addinsoft, version 19.01) software. Anderson-Darling tests were used to confirm normal distribution of values before either Student t-tests or Wilcoxon signed-rank-test were performed. P-values <0.01 were considered significant.
Results
In vitro drug release
The drug release profile of PEDOT/Dex electrodes was investigated in vitro over a time period of 45 days with active release events on day 10, 14, 42 and 45 employing 5 CV scans (À0.3e0.45 V vs. Ag/AgCl) per release event for evaluation of release efficiency. Quantification of released Dex by HPLC analysis thereby revealed a total amount of 805 ng of Dex being released within 45 days. 24% of this mass were attributed to actively triggered release within 0.006% of the total experiment time, demonstrating a substantial release in response to the CV sweeps compared to purely passive drug elution. The largest drug expulsion was found during the first trigger event (114 ng) while subsequent release events featured an average drug expulsion of 25 ± 12 ng. Drug was thereby released within a time of 1 min per active release event. For the passive drug elution an average mass of 0.006 ± 0.005 ng could be measured in the respective timeframe. Evaluation of drug release from PEDOT/ Dex films deposited on either platinum or IrOx substrates revealed in both cases an active contribution of 19% to the totally eluted mass in 2% of the total time. This demonstrates that drug release characteristics are not influenced by the substrate material.
Neural recordings
Electrophysiological data were collected on a weekly basis from the implanted neural probes and used to evaluate the recording capability of the PEDOT-coated electrode sites during the chronic study. LFP signals from all 12 animals at week 12 post implantation are summarized in Fig. 2a demonstrating unrestricted neural recording functionality until the end of the study for all implanted probes. The detailed spectral analysis of these LFP-data showed a strong signal contribution in the low LFP band between 2 Hz and 15 Hz (Fig. 2b) . This spectral composition was found consistent over the 12 weeks as can be seen from the representative data at week 6 and 12 in Fig. 2b. 
Electrochemical measurements in vivo
The signal employed for drug release was simultaneously used to calculate the CSC by integrating the total area under the CVcurves which provides a measure for the electrode status. CSCvalues for active PEDOT/Dex animals and active PEDOT/PSS animals are summarized in Fig. 3a where each data point represents the average over 4 probes from 4 animals (n ¼ 16). For both animal groups, an increase in the CSC can be seen with progressive time while the absolute CSC for the PEDOT/Dex probes was found overall higher compared to the PEDOT/PSS controls by an average factor of 2.1. The observed difference between the two groups was however not statistically significant (p > 0.01) over the 12 weeks. Between week 2 and week 10 post implantation a CSC increase of 91% (from 3.6 to 6.8 mC cm À2 ) and 120% (from 1.4 to 3.0 mC cm À2 )
for the PEDOT/Dex probes and the PEDOT/PSS probes could be measured respectively. The increase for PEDOT/PSS controls was thereby statistically significant (p < 0.01) whereas the increase for PEDOT/Dex probes was not statistically significant (p > 0.01). Electrochemical impedance spectroscopy (EIS) data, recorded over 12 weeks and averaged within the three animal groups, was further used to verify the status of the polymer electrodes while being implanted. Results from these measurements are displayed in Fig. 3b for the impedance magnitude and Fig. 3c for the corresponding phase angle. Based on the main signal contribution in the low LFP spectrum (between 2 and 15 Hz), a frequency of 8 Hz has been chosen for comparing the different polymer coatings. The active PEDOT/Dex probes showed initially the lowest impedance until week four post implantation when an increase could be seen from 260 kU at week two to 533 kU at week 12. The impedance for the passive PEDOT/Dex probes was found consistently higher from the beginning with 559 kU at week two and 544 kU at week 12. While the PEDOT/PSS probes featured an initial impedance of 302 kU at week two, these probes were measured with the lowest impedance at the end of the study (379 kU at week 12). Besides these impedance alterations within the different animal groups it is however worth mentioning that overall a maximum impedance change of a factor two could be seen during the entire study which is here considered as stable impedance behaviour. Variability in impedance data within the three test groups (data averaged over 4 animals) could also be seen within individual animals. Furthermore, no statistically significant differences (p > 0.01) in the impedance data were observed between the different groups. The same impedance behaviour could be observed at a frequency of 1 kHz for the different coatings (data not shown), demonstrating that impedance was stable regardless of frequency. The phase angle showed a slight decrease over the 12 weeks from À45 to À54 (þ20%) for the active PEDOT/Dex probes, À39 to À45 (þ15%) for the active PEDOT/PSS probes and À48 to À52 (þ8%) for the passive PEDOT/Dex implants (Fig. 3c) . The observed decrease was thereby not statistically significant.
The full impedance spectrum recorded from 1 Hz to 10 kHz is displayed in Fig. 4 for all material groups at week 12 post implantation (n ¼ 16). All coating types feature similar impedance characteristics over the full frequency spectrum as seen in the impedance magnitude (Fig. 4a) and for the phase angle (Fig. 4b) . Impedance values close to a frequency of 50 Hz were influenced by noise from the 50 Hz power supply and therefore show the highest variations in the measurement. Average phase angles over the complete frequency spectrum were À54 (±14 ), À53 (±14 ) and À53 (±12 ) for active PEDOT/PSS, active PEDOT/Dex and passive PEDOT/Dex groups respectively (n ¼ 160).
Electrochemical measurements in vitro
In parallel to the in vivo experiments, six PEDOT/Dex coated probes were exposed to 37 C PBS over 12 weeks for monitoring the electrode properties in vitro and providing reference data to the implanted probes. CV and impedance measurements were performed in analogy to the implanted peers on weekly basis. The CSC data from three actuated probes is shown in Fig. 5a where a statistically significant (p < 0.01) increase in the CSC from 0.58 to 0.73 mC cm À2 can be seen with progressing storage time. The CSCincrement of 26% between week two and week 10 was substantially lower compared to the in vivo probes (91% increase). Furthermore, the values measured in vitro were found overall lower compared to the CSC measured in vivo (e.g. 0.73 ± 0.09 mCcm À2 vs.
6.7 ± 4.2 mCcm À2 at week 10 post implantation).
Fig. 5b displays the impedance magnitude at 8 Hz, averaged over all in vitro-probes. During the storage time of 12 weeks, a statistically significant increase (p < 0.01) in the impedance can be seen, approaching a value of 270 kU towards the end of the measurement time. This value represents half of what has been measured for the active PEDOT/Dex probes during the in vivo measurements (533 kU). The phase angle in the in vitro EIS measurements (displayed in Fig. 5c ) shows a progressive decrease during the experiment time from À71 at week two to À79 at week 12. The difference of 11% is thereby similar to the changes observed from the in vivo data (20%). An offset of À20 between the phase angles determined in vivo and in vitro could be measured, attributed to the different complexity of the electrolytes. Optical microscopy revealed that all PEDOT coatings were fully intact and adherent to the in vitro probes after 12 weeks in PBS storage.
Examination of the explanted probe
At the endpoint of the study, one PEDOT/Dex probe was explanted and used for electrochemical measurements as well as SEM imaging to verify the status of the coating. In Fig. 6a Fig. 6b it can further be seen that the impedance of the electrode sites was lower when measured after explantation (153 kU at 8 Hz) compared to the status before implantation (239 kU at 8 Hz). The impedance of the uncoated IrOx was overall highest with 304 kU at a frequency of 8 Hz. Comparing the low impedance after 12 weeks in vivo with the initial values of IrOx demonstrates that the polymer coating was still intact at the endpoint of the study. This observation could be confirmed by SEM imaging of the probe where a homogenous coverage of the electrode sites with PEDOT/Dex could be seen (Fig. 6c ). Higher magnification of the electrode sites revealed a highly roughened surface of the polymer coating for the explant (Fig. 6f) which is comparable to the morphology of a PEDOT/Dex sample stimulated over 12 weeks in vitro (Fig. 6e) . Both probes thereby revealed a larger grain size in comparison to a pristine PEDOT/Dex sample (Fig. 6d) indicating a morphological change for the exposed coatings during the 12 weeks which explains the observed changes in CSC and EIS.
Immunohistochemical analysis
In order to evaluate the intensity of the foreign body reaction towards the implanted probes after 12 weeks in vivo, the retrieved tissue was horizontally sliced, with the probe remaining in the tissue, and immunohistochemically stained. Staining was thereby done for GFAP, NeuN and ED1 which provides information about the chronic formation of scar tissue, neuron survival and microglia activity in the probe vicinity respectively. By keeping the probe in the tissue during slicing, and making use of the auto-fluorescence of the polyimide substrate, it was possible to precisely identify the exact location of the PEDOT-coated electrode sites from the histology pictures (Fig. 7) . Quantitative image analysis could therefore be performed with direct correlation to the coated sites along the probe shaft. Fig. 8a displays the measured distance between the electrode sites and the nearest neurons identified from NeuN stained images. With a distance of only 10 mm, the closest neurons were found in front of the active PEDOT/Dex probes as well as the passive IrOx implants. For the remaining PEDOT coatings, a minimal distance of 16e30 mm could be measured. The average neuron to electrode distance for all investigated materials was between 48 and 83 mm with the lowest distance observed for the active PEDOT/Dex probes. Differences in mean neuron distance between the different sample groups were however not statistically significant (p > 0.01).
GFAP fluorescence intensity was used to evaluate the thickness of the astrocytic scar tissue which formed around the electrode within the 12 weeks study. Fluorescence intensity profiles along a 300 mm long ROI extending from the probe surface (see inset in Fig. 8b) were averaged over all slices per animal group. An overall decrease in the intensity within a distance of 75 mm from the electrode site could be seen for all samples (Fig. 8b) . GFAP fluorescence, and thus astrocyte scar formation, was found lowest at the electrode surface for the IrOx probes while all PEDOT coated probes showed similar astrocyte counts in close distance to the probe surface, regardless of the counter ion. The observed difference between the IrOx control and passive PSS probes was not statistically significant at any distance. GFAP intensity differences were significant (p < 0.01) within 30 mm (active PSS), 35 mm (passive PSS) and 70 mm (active Dex) between IrOx and the respective polymer coated probes. At distances exceeding 75 mm from the electrode surface, no difference in GFAP staining between the tested materials could be seen resulting in a baseline level of astrocyte density at 75e300 mm distance. This baseline level could further be confirmed by GFAP measurements from reference tissue slices at different implantation depths and locations, corresponding to inflammation-free tissue. Differences in GFAP intensity among the polymer coated probes were not statistically significant (p > 0.01).
ED1-staining, representing activated macrophages/microglia, showed a lower intensity in close vicinity to the PEDOT/Dex probes as compared to PEDOT/PSS probes as can be seen from the fluorescence intensity profiles in Fig. 9 . This difference was however not found to be statistically significant (p > 0.01). Active or passive probes within these two material classes thereby only showed minor differences in ED1 intensity. The overall lowest microglia intensity could be found directly in front of the IrOx implants, the difference to the polymer coated probes was however not statistically significant. At distances exceeding 20 mm from the electrode surface, no difference between the probes types could be observed in ED1 fluorescence.
Discussion
Neural microprobes provide excellent opportunities for biomedical research and clinical applications by providing highly selective recording or stimulation of neural tissue. Following implantation, these probes however inevitably trigger a foreign body response leading to chronic scar tissue formation which ultimately affects usability in long-term applications.
This study combines two of the most promising technologies for making long-term stable connection to neuronal tissue possible over chronic periods of time: flexible probes and anti-inflammatory treatment in the form of local drug delivery. Dex release from flexible thin-film probes, implanted in the rat hippocampus, was studied over a period of 12 weeks which is to our knowledge the first time that active driven drug release has been investigated in vivo over such a long period of time.
Dex has previously been tested as anti-inflammatory treatment either administered locally by passive eluting systems [33,35e42,45] or in the form of systemic treatment [34, 67] . In the latter case, practical applicability has however been limited considering the high systemic dose needed in order to reach efficient levels locally at the surface of an implant. Dex is a corticosteroid drug and has well documented and serious side effects at high concentrations. A PEDOT release system circumvents the systemic side effects by enabling highly local administration of the drug directly at the electrode site. Furthermore, and in contrast to coatings based on biodegradation or diffusion for delivery, it offers superior temporal control over release. Dosage of a drug can thereby be scheduled to specific time points over a relatively long time frame, or even be provided in response to a surveillance parameter, e.g. related to inflammation status.
We here test the hypothesis that anti-inflammatory treatment, extending beyond the initial healing phase of six weeks, could have an impact on probe-tissue integration also on the longer perspective. Our study covers 12 weeks which extends well into what is generally considered to be representative for chronic conditions. Data collected over this time frame indicate that electrodes exposed to an active Dex delivery protocol on a weekly basis did have neurons closer to the electrode sites than any of the control materials in the study. Such a neuron-protective effect of Dex has previously been assumed from in vitro studies [53] and could be supported from our chronic measurements in vivo. Given the relatively small number of animals and probes included in the study, and the small differences seen, it is however not possible to draw any statistically significant conclusion (p > 0.01) on the positive impact of Dex on overall probe performance. In fact, the use of flexible polyimide probes already reduced the extent of inflammation to a level where the criteria for stable recordings are already fulfilled regardless of the electrode coating material. Nevertheless, several important conclusions can be drawn pointing the way for future work with anti-inflammatory electrodes.
Over a period of 12 weeks we performed in total 320 stimulation sessions with either PEDOT/Dex or PEDOT/PSS coated electrode sites in three electrode configuration in vivo. Working, counter-and reference-electrode were thereby directly integrated in close proximity on the flexible probe, demonstrating that controlled delivery from a three-electrode cell in vivo is feasible from a single thin-film based device. During CV stimulations, we could not observe any reaction or sensation in the fully awake animals. This implies that active drug release was performed sub threshold for evoking a neural response. Additionally, we could neither optically nor electrochemically determine any changes to the electrode surfaces nor observe increased inflammation in histology in response to the swept voltage. Similar observations have been made in a recent study by Alba et al. where CV sweeps from À0.9 V to 0.6 V (vs. Pt) were employed for monitoring the CSC for multiwalled carbon nanotube (MWCNT)/Dex modified electrodes in the visual cortex of anesthetized rats [66] . Despite applying more than 200 CV scans during 11 days in their study, they did not observe any changes to the electrode nor any tissue alterations or any influence on the recorded signals in correlation to the CV sweeping. It can thus be concluded that CV cycling is a suitable and, within the herein described boundaries, also safe method to be used for drug release in vivo in fully awake animals. This is important considering that CV signals have been reported to be most efficient for driving controlled release of drugs from conducting polymer films [53, 59, 68] .
Furthermore, the previously reported release of by-products in the form of monomers or oligomers [60] could be efficiently controlled by limiting the sweep range in our study, supported by the observation that no additional inflammation was triggered by the release cycles. The limitation of the sweep range thereby did not affect the drug release itself as could be demonstrated in a longterm in vitro study over 45 days.
Our Dex-functionalized implants featured an overall drug load of 19 ng per probe, based on the polymerization charge and the doping ratio of PEDOT/Dex. Adopting a tissue volume of 400 Â 400 Â 400 mm 3 (in relation to the width of the implant) to be treated over 12 weeks, this would allow a Dex concentration of 6.8 mM if the entire drug load is spent over this time. Previous studies have reported on Dex concentrations of 0.2e0.7 mM [53] or 4.5 pg [69] to be efficient for therapeutic cell interaction. This means even if we assume that only a fraction (e.g. 1/10th) of the Dex is released from our PEDOT/Dex coated microprobes over time, the concentration in the tissue would still be high enough demonstrating that electropolymerized PEDOT/Dex coatings with 300 mC cm À2 provide sufficient drug storage and release capacity for at least 12 weeks of operation. The maximal drug mass that could theoretically be released from our probes (19 ng) is thereby more than 4 orders of magnitude lower than the neurotoxic levels of Dex reported for hippocampal cells [70] . All PEDOT films were stable over the full 12 weeks which is evident from the monitored impedance data. Stability of the coatings could furthermore be verified by microscopy and SEM imaging of the explanted sample. Based on previously reported results by Boehler et al. [62] , such stability is expected for PEDOT/PSS on IrOx but is especially encouraging for PEDOT/Dex which is expected to be more fragile due to the high mobility of the counter ion and the associated mechanical stress in the film during release. The observed stability proves that IrOx is a highly efficient strategy for stabilizing PEDOT films also under in vivo conditions and thereby confirms our findings from previous in vitro work [62] .
By using a flexible substrate material for the probes in our study we were able to keep the entire probe in the tissue during the preparation of histological slices. This technique allowed a precise reconstruction of the actual electrode sites in histology and consequently enabled the direct analysis of tissue in front of the recording/stimulation sites. Examining the number and position of embedded metal tracks, visible in the probe cross-section in histological images, further provided a "bar code" feature which served as simple method for identification of specific electrode sites along the probe shaft.
An unexpected finding is that bare IrOx electrodes outperformed all the PEDOT materials which raises the question whether there are negative effects of PEDOT as such? Considering the large number of studies where PEDOT has been investigated without reporting on negative effects in the literature, this would indeed be a surprising finding. A more likely explanation is the different preconditions in our study where the polyimide probes are exposed to the monomer EDOT during PEDOT deposition, whereas IrOx probes are used as produced in the cleanroom and were never immersed in the monomer solution. We could in fact confirm by HPLC analysis that slight residues from the electrodeposition process are present and released from the polyimide surface, bringing them eventually into tissue contact upon probe implantation. Although most of these residues are expected to be cleaned away during immersion of the probes in PBS overnight prior to implantation, further leaching of remaining contaminations over several weeks could be the reason for the slightly elevated inflammation seen around all PEDOT-coated probes in comparison to the IrOx controls. In our study IrOx therefore only has limited suitability as control and tissue reactions should be analysed separately for all PEDOT coated probes. Contaminations from electrolyte residuals could in the future be addressed by improved post-deposition cleaning protocols. The fact that monomer contaminations could be eluted shows that this would indeed be possible by simple immersion in aqueous solutions.
We here show a method for how to use PEDOT/drug systems for local release in vivo employing flexible probe technology and threeelectrode cell electrochemistry on a single thin-film device with promising qualities. The flexible polyimide devices thereby overall performed exceptionally well regardless of the coating material on the electrode sites. This is an important outcome since the use of flexible probes has long been limited due to difficulties in precise implantation of such probes. A considerable effort has been invested into developing insertion methods allowing flexible probes to be implanted into brain tissue without buckling or introducing severe tissue damages. We here use a stiff device (optical fibre) as insertion shuttle and confirm that precise implantation of a 10 mm thin flexible probe into the rat hippocampus is possible without significantly harming the surrounding tissue. Although not evaluated or performed in this study, implantation with an optical fibre as guiding tool could in future also be combined with techniques such as optical coherence tomography [71] . By such means, the guidance fibre could provide optical monitoring of the insertion track and thus help to prevent vascular damages or provide improved targeting accuracy within the brain.
Flexible probes generally provide attractive alternatives to stiff implants with respect to tissue reactivity. Nevertheless, stiff implants still provide an important probe technology that cannot readily be replaced by flexible materials in all applications. Controlled release of anti-inflammatory drugs should therefore also be tested with stiff devices where inflammation is expected to be more prominent and thus of higher concerns for long-term applications. We here show that such implementation is technically feasible, however, the effect should still be investigated in combination with stiff probes. Further development of antiinflammatory electrodes targeting the incorporation of different drugs or investigating the appropriate release timing for optimal treatment efficiency with active drug release technology should be performed. If release is thereby coupled to a surveillance parameter monitoring the extent of inflammation directly at the electrode site, an individual and thus optimal inflammation treatment could be enabled.
Conclusion
In conclusion we were able to demonstrate that Dex functionalized PEDOT can be integrated as anti-inflammatory electrode coating on flexible neural microprobes providing unrestricted neural recording properties and low, long-term stable impedance characteristics. Actively controlled release of Dex was possible over 12 weeks using a CV trigger signal in awake animals and data indicates that electrodes exposed to active drug release did have neurons closer to the electrode sites compared to controls, although the effect was not statistically significant. Combining flexible probe technology with anti-inflammatory coatings therefore proves to be a promising approach for enabling long-term stable chronic neural interfaces and should be further developed towards future anti-inflammatory electrode generations.
